Double-strand DNA break repair and homologous recombination in Escherichia coli proceed by the RecBCD pathway, which is regulated by cis-acting elements known as sites. A crucial feature of this regulation is the RecBCD enzyme-directed loading of RecA protein specifically onto the 3-terminal, -containing DNA strand. Here we show that RecBC enzyme (lacking the RecD subunit) loads RecA protein constitutively onto the 3-terminal DNA strand, with no requirement for . This strand is preferentially utilized in homologous pairing reactions. We propose that RecA protein loading is a latent property of the RecBCD holoenzyme, which is normally blocked by the RecD subunit and is revealed following interaction with .
Genetic recombination is an important cellular process, providing for both genomic maintenance and genetic diversity. In Escherichia coli the main pathway of recombination is the RecBCD pathway ). This pathway is responsible for homologous recombination accompanying conjugation and transduction, and for repair of double-stranded DNA (dsDNA) breaks through recombination between the damaged DNA and an intact homologous chromosome (for review, see Kogoma 1996) . These potentially fatal breaks can arise during DNA replication (Kuzminov 1995; Michel et al. 1997) or as a direct result of high energy irradiation (for review, see Friedberg et al. 1995) . RecA protein and RecBCD enzyme are key enzymes in this recombinational repair process. RecA protein is responsible for the recognition of homology between DNA molecules and for mediating the process of DNA strand exchange that leads to recombination intermediates (for review, see Roca and Cox 1997; Bianco et al. 1998) . RecBCD enzyme is a multifunctional, heterotrimeric enzyme possessing DNA helicase, DNA-dependent ATPase, ATP-dependent exonuclease, and ATPstimulated endonuclease activities. It acts as an initiator of homologous recombination at double-strand breaks by producing a suitable single-stranded DNA (ssDNA) substrate for RecA protein.
RecBCD enzyme-mediated recombination is controlled by DNA sequences known as sites (5Ј-GCTG-GTGG-3Ј), which stimulate recombination by 5-to 10-fold (Lam et al. 1974; Stahl et al. 1975; Smith et al. 1981) , and which are recognized by the translocating enzyme (Bianco and Kowalczykowski 1997) . Stimulation is detected as far as 10 kb downstream of the site (Stahl et al. 1980; Ennis et al. 1987; Cheng and Smith 1989; Myers et al. 1995a ). The sequence acts as a regulatory switch by modifying the activity of RecBCD enzyme. This -dependent regulation involves both an attenuation and a switch in polarity of the enzyme's nuclease activity (see Fig. 1 ). Prior to interaction with , the DNA strand that terminates 3Ј at the entry site is degraded to a much greater extent than the 5Ј-terminated strand Kowalczykowski 1991, 1993) . Following interaction with the sequence, however, the nuclease activity acting on the 3Ј-terminated strand is attenuated at , and a weaker nuclease activity acting on the 5Ј-terminated strand is upregulated (Anderson and Kowalczykowski 1997a) . As the enzyme continues to unwind and degrade the 5Ј-terminated strand downstream of , it produces a ssDNA species with at the 3Ј end (Ponticelli et al. 1985) ; this fragment is designated the 'top-strand, downstream -specific fragment' (see Fig. 1 ).
The initial events in homologous recombination can be reconstituted in vitro using RecBCD enzyme to unwind dsDNA in the presence of RecA protein and the single-stranded DNA binding (SSB) protein (Roman and Kowalczykowski 1989a; Roman et al. 1991) . In these RecABCD pairing reactions, RecA protein preferentially incorporates the top-strand, downstream -specific fragment into joint molecules over all other nonspecific unwinding products Kowalczykowski 1991, 1995) . Until recently, it was unclear why these -specific fragments are preferred substrates for RecABCD-dependent homologous pairing. However, it was shown that RecBCD enzyme, when activated by , directs the loading of RecA protein preferentially onto the top-strand, downstream -specific ssDNA (Anderson and Kowalczykowski 1997b) . Efficient pairing of this unwinding product is dependent upon the concerted action of RecBCD enzyme and RecA protein; if their action is uncoupled, by adding RecA protein to the DNA after unwinding is complete, the efficient pairing of this -specific ssDNA is lost. Loss of efficient pairing in this case results from the inability of RecA protein to compete effectively with SSB protein for binding to ssDNA produced by RecBCD enzyme.
Study of the RecBC enzyme (which lacks the RecD subunit) provides additional insight into the manner by which modifies the RecBCD enzyme. Null mutations in either the recA, recB, or recC genes virtually eliminate dsDNA break repair (Sargentini and Smith 1986) and reduce homologous recombination to, at most, 1% of wild-type levels (Clark and Margulies 1965; HowardFlanders and Theriot 1966; Emmerson 1968) . In contrast, mutations in the recD gene do not have this phenotype. In both conjugation and transduction, recD null mutants exhibit levels of recombination that are comparable to or elevated relative to wild-type strains (Chaudhury and Smith 1984a; Lovett et al. 1988) . For recombination of red gam phage, recD mutants are not responsive to , but are nevertheless hyper-recombinogenic (Chaudhury and Smith 1984a; Thaler et al. 1989) . It was also found that for recD null mutants, recombinational exchanges in replication-blocked phage crosses are focused to the site of dsDNA breaks, resembling the distribution obtained with recBCD + cells when is placed near a dsDNA end (Thaler et al. 1988 (Thaler et al. , 1989 . Together, these findings establish that the RecBC enzyme is fully proficient in homologous recombination, in the absence of an interaction with .
A number of biochemical observations support this hypothesis: RecBC enzyme is a processive helicase (Palas and Kushner 1990; Masterson et al. 1992; Korangy and Julin 1993) ; it does not respond to by producing -specific fragments (Yu et al. 1998 ; J.J. Churchill and S.C. Kowalczykowski, unpubl.) ; and it cannot unwind DNA under conditions in which RecBCD enzyme helicase activity is known to be reversibly inactivated by . A particularly striking feature of RecBC enzyme is the absence of significant dsDNA exonuclease activity (Palas and Kushner 1990; Korangy and Julin 1993; Anderson et al. 1997 ), a property that could explain the elevated recombination proficiency of recD null mutants. However, whether RecBC enzyme can load RecA protein was completely unknown.
Here we demonstrate that RecBC enzyme constitutively loads RecA protein onto ssDNA during unwinding, without any requirement for . RecA protein is loaded only onto the top strand, defined as the strand that terminates 3Ј at the dsDNA entry site for the enzyme (see Fig. 1 ). When DNA is unwound by RecBC enzyme in the presence of RecA protein, this strand is preferentially incorporated into joint molecules in homologous pairing assays. The constitutive loading of RecA protein by RecBC enzyme, coupled with this enzyme's virtual absence of dsDNA exonuclease activity, accounts for the recombination proficiency of recD mutants. The strand-specific loading of RecA protein by RecBC enzyme is yet another feature that this enzyme, absent the RecD subunit, shares with the -modified holoenzyme. We propose that prior to interaction with , the RecD subunit blocks the loading of RecA protein by the holoenzyme; -induced modifications to the holoenzyme (which also result in the switch in nuclease polarity) clear this block and expose surfaces that are involved in the recruitment of RecA protein to the incipient ssDNA. The two strands of DNA are defined relative to the doublestranded end at which RecBCD (or RecBC) enzyme enters. The strand of DNA that terminates 3Ј at the entry site is termed the top strand; the complementary strand is termed the bottom strand. The region of dsDNA between and the entry site of RecBCD enzyme is referred to as the upstream region, and the region between and the opposite end is termed the downstream region. ( above the site) The direction that RecBCD enzyme must travel to recognize . For RecBCD enzyme, both an attenuation in nuclease activity and a switch in the polarity of exonuclease degradation occur upon recognition: The 3Ј → 5Ј nuclease activity is attenuated downstream of ; a weaker 5Ј → 3Ј exonuclease activity is up-regulated. The consequence is production of both a bottom-strand, upstream -specific fragment and a top-strand, downstream -specific fragment. A third major unwinding product of RecBCD enzyme, not shown in the figure, is full-length, ssDNA. Full-length ssDNA is generated by RecBCD enzyme from the bottom strand if the enzyme fails to recognize . RecBC enzyme, which is essentially devoid of dsDNA nuclease activity, generates only fulllength ssDNA from both strands. (Adapted from Anderson and Kowalczykowski 1997a) .
Results

DNA unwound by RecBC enzyme is efficiently incorporated by RecA protein into joint molecules, without a requirement for
We tested whether RecBC enzyme can serve as an initiator of RecA protein-mediated joint molecule formation (RecABC reactions), to see whether RecBC enzyme mimics the behavior of -modified RecBCD enzyme. In the coupled reactions reported below, RecBC enzyme unwound DNA that does not contain , in the presence of saturating amounts of RecA and SSB proteins. In the uncoupled reactions, pairing of ssDNA was uncoupled from RecBC enzyme action by substituting heat-denatured DNA, omitting RecBC enzyme, and initiating the reaction with the addition of a RecA and SSB protein mixture. Therefore, in the uncoupled reactions, RecA protein must compete, unassisted by RecBC enzyme, with SSB protein for binding to ssDNA.
The results from these two reactions are shown in Fig.  2 , and demonstrate that RecBC enzyme can initiate RecA protein-promoted pairing between two fully duplex and homologous DNA substrates (linear dsDNA and covalently closed circular dsDNA). Interestingly, however, in the absence of unwinding by RecBC enzyme, the pairing of heat-denatured full-length ssDNA by RecA protein is extremely inefficient. In the coupled reaction with RecBC enzyme and RecA protein, 35% of the available ssDNA is incorporated into joint molecules after 2 min, but only 1% is incorporated in the uncoupled reaction. Maximal pairing is achieved in <10 min, with a 13.5-fold higher extent of pairing in the coupled process with RecBC enzyme than in the uncoupled process (Fig. 2B) . Therefore, we conclude that efficient joint molecule formation is dependent on the concerted action of RecBC enzyme and RecA protein.
For comparison, a coupled reaction with RecBCD holoenzyme, using -containing DNA, is shown to illustrate the preferential incorporation of top-strand, downstream -specific fragments into joint molecules (74% incorporated at 10 min) over full-length ssDNA (8% incorporated at 10 min). As reported previously (Anderson and Kowalczykowski 1997b) , the full-length ssDNA is incorporated poorly into joint molecules in the RecABCDcoupled reactions-a failing that is characteristic for bottom-strand, full-length ssDNA produced by the RecBCD holoenzyme and that is in marked contrast to the RecABC reaction shown here. Furthermore, unwinding by RecBC enzyme produces two full-length strands of DNA but, as will be established below, only one of these is targeted for RecA pairing, arguing that the pairing efficiency for top-strand DNA in the RecABC pairing reaction (∼35% × 2 = 70%) rivals that for top-strand, downstream -specific ssDNA in the RecABCD reaction. The coupled reactions were initiated by addition of either RecBC enzyme or RecBCD enzyme, in the presence of both RecA protein and SSB. In the uncoupled reaction, RecBC and RecBCD enzymes were omitted, heat-denatured DNA was substituted for dsDNA, and the reaction was initiated by the addition of a mixture of RecA and SSB proteins. The DNA substrates were XbaI-restricted 0 pSKPB10, and HindIII-restricted + F (for the reaction with RecBCD). The sizes (in nucleotides) of fragments generated by RecBCD enzyme are indicated. (B) The efficiency of joint molecule formation is compared graphically for coupled vs. uncoupled reactions. () RecBC, coupled; (ᮀ) uncoupled (denatured DNA); (᭹) RecBCD, coupled -specific; (᭺) RecBCD, coupled full length. The efficiency of joint molecule formation is defined as the percentage of the specific ssDNA generated that appears in the respective joint molecule. The data for the coupled RecBC enzyme and uncoupled reactions represent an average of duplicates; there was no significant variation between replicates. Joint molecule formation from -specific fragments and full-length ssDNA produced by RecBCD enzyme is also shown for comparison.
RecBC enzyme loads RecA protein onto the unwound ssDNA
The preferential pairing of the top-strand, downstream -specific fragment, in homologous pairing reactions with RecA protein and RecBCD enzyme, results from the specific targeting of RecA protein onto this fragment. Because RecA protein polymerizes cooperatively in a 5Ј → 3Ј direction (Register and Griffith 1985) , the loading of RecA protein onto the ssDNA at any point downstream of results in the formation of a nucleoprotein filament that extends to the 3Ј terminus of this -specific fragment. In the case of RecBCD enzyme, the specificity of RecA protein loading onto this fragment was established by showing that only the top-strand, downstream -specific fragment is protected from degradation by exonuclease I (Exo I), a 3Ј-specific nuclease; by contrast, neither the full-length ssDNA nor bottom-strand, upstream -specific fragments are protected (Anderson and Kowalczykowski 1997b) .
We tested the proposition that RecBC enzyme might also load RecA protein onto ssDNA during unwinding, which would be manifested as the protection of DNA from degradation by Exo I. As before, the fate of ssDNA produced by RecBC enzyme in a coupled unwinding reaction was compared with the fate of ssDNA in an uncoupled reaction. The results, depicted in Figure 3 , show that ssDNA in the uncoupled reaction is quickly and completely degraded following addition of Exo I. In contrast, in the coupled reaction, where RecBC enzyme unwinds dsDNA in the presence of RecA protein, two species of full-length ssDNA, with different degrees of susceptibility to Exo I, are clearly distinguished. One species is quickly degraded by Exo I; however, the other species, representing ∼35% of the ssDNA produced, is protected by RecA protein even after 20 min of exposure to Exo I. For comparison, a standard coupled reaction with RecA protein, RecBCD holoenzyme, and HindIII linearized -containing DNA is also shown in Figure 3 ; as reported previously (Anderson and Kowalczykowski 1997b) , the top-strand, downstream -specific fragment is protected from Exo I (74% remaining after 20 min), whereas the other major products of unwinding (fulllength ssDNA and bottom-strand, upstream -specific fragment) are quickly degraded.
We hypothesized that the two different species of fulllength ssDNA produced by RecBC enzyme in the presence of RecA protein represent the top and bottom strands of dsDNA, respectively, and that only top-strand DNA is protected from Exo I because RecA protein has been specifically recruited onto this strand. Such behavior would be analogous to the asymmetric loading of RecA protein onto only the top-strand, downstream -specific fragment by RecBCD holoenzyme.
RecBC enzyme targets RecA protein asymmetrically, directing it preferentially onto the strand that terminates with a 3Ј end at the enzyme's entry site
To test for strand-specific loading of RecA protein by RecBC enzyme, it was necessary to distinguish between each of the two full-length strands that are produced by RecBC enzyme. Furthermore, as either strand of duplex DNA may serve as the top or bottom strand (depending upon which of the two dsDNA ends RecBC enzyme enters from), it was necessary to generate a dsDNA-unwinding substrate that restricts access of the enzyme to only one of the two ends. RecBCD holoenzyme is unable to enter dsDNA at ends with ssDNA tails longer than ∼25 nucleotides (Taylor and Smith 1985) . Initially, assuming that such tails would also block access to the DNA by RecBC enzyme, our strategy was to resect the DNA at one end with Exo III, perform Exo I protection assays, and use Southern hybridization with strand-specific oligonucleotide probes to distinguish between the top and the bottom strands.
When both ends of NdeI-cut pBR322 0 dsDNA were resected with Exo III to produce tails ∼90 nucleotides long, we found that RecBC enzyme, like RecBCD holoenzyme, cannot unwind DNA with these modified ends (data not shown). The resected DNA was then cut into two fragments with the restriction enzyme AlwNI. This treatment produces fragments of 3.7 and 0.6 kb, respectively, each bearing a 5Ј-ssDNA tail at one end because of Exo III resection, and a nearly blunt AlwNI 3Ј-overhanging end at the other. Access of RecBC enzyme to this DNA is therefore restricted to the AlwNI-cleaved end.
Exo I protection assays were conducted and followed RecBC enzyme loads RecA protein onto ssDNA during unwinding, ensuring that 3Ј ends are coated. The protocol described in the legend to Fig. 2 was followed, except that supercoiled DNA was omitted and, after 3 min of reaction, excess M13 ssDNA and ATP␥-S were added as described in Materials and Methods. After a further 2 min incubation, Exo I was added. The zero time point was taken just prior to addition of Exo I. (dsDNA) The starting dsDNA substrate; (denat. DNA) heat-denatured substrate.
by Southern hybridization as described in Materials and Methods. The results (Fig. 4) show that the ssDNA unwinding product that is preserved from degradation by Exo I corresponds to the top strand (Fig. 4A) . In contrast, ssDNA corresponding to the bottom strand is quickly degraded (Fig. 4B) . A control reaction without RecA protein shows that protection of the top strand is RecA protein-dependent (Fig. 4A) ; in another control reaction without Exo I, no ssDNA is lost (Fig. 4B ). These results demonstrate that RecBC enzyme, like -modified RecBCD enzyme, directs RecA protein only onto one strand of ssDNA, that is, the top strand.
In RecABC pairing reactions, joint molecules are formed by invasion only of ssDNA produced from the top strand of the unwound DNA.
The previous experiment confirmed that in the coupled reaction with RecBC enzyme, only the top strand is protected by RecA protein from degradation by Exo I; the bottom strand is not protected. Because the loading of RecA protein onto top-strand, downstream -specific fragments by RecBCD holoenzyme results in the preferential incorporation of this fragment into joint molecules (Anderson and Kowalczykowski 1997b) , it was logical to ask whether the top strand of DNA produced by RecBC enzyme unwinding might also be preferentially incorporated into joint molecules. To address this question, Exo III-resected DNA was again used to limit entry of RecBC enzyme to one end; this time, however, the resected DNA was labeled with 32 P at either the 5Ј or 3Ј end, as described in the legend to Figure 5 . After labeling, the DNA was cut with AlwNI to yield fragments of 3.7 and 0.6 kb, each with one Exo III-resected end and one AlwNI-cleaved end. For each fragment, the strand that is labeled with 32 P at the 3Ј end corresponds to the Figure 4 . RecBC enzyme loads RecA protein only onto the DNA strand that terminates 3Ј at the entry site. The starting dsDNA substrate consisted of two fragments, 3.7 and 0.6 kb, described in Materials and Methods. Each fragment has one end that was resected by Exo III and is inaccessible to RecBC enzyme and another AlwNI-restricted end at which the enzyme can enter. Exo I protection assays were performed. Control reactions were also performed in which either RecA protein or Exo I was omitted. After electrophoresis and Southern transfer, the DNA was probed with one of two strand-specific probes. (A) Top strand (probed with PB19); (B) bottom strand (probed with PB27). (The 0.6-kb fragment hybridizes to neither probe and is not shown.) The positions of 3.7-kb dsDNA starting material and ssDNA unwinding product are indicated. (Specificity marker) Lanes demonstrate the specificity of the two probes. These lanes contain a mixture of NdeI-restricted pBR322 0 dsDNA (the 4.3-kb fragment, which hybridizes to both probes) and pBR322 0 DNA restricted with EcoRI and AvaI (which produces fragments of 1.4 and 2.9 kb; probe PB19 hybridizes only to the smaller fragment, whereas PB27 hybridizes only to the larger fragment).
Figure 5.
Only the DNA strand that terminates 3Ј at the entry site is incorporated into joint molecules in RecABC pairing reactions. Plasmid DNA (pBR322 0 ) was linearized with NdeI, resected with Exo III, and then labeled either at the 5Ј ends with [␥-32 P]ATP or at the 3Ј ends using Klenow fragment, [␣-32 P]ATP, and two of the other dNTPs (dCTP was omitted to prevent the polymerase from filling in the Exo III-resected ends). After labeling, the DNA was cut with AlwNI to produce the 3.7-and 0.6-kb fragments described in Fig. 4 . Reactions conditions were as described in Fig. 3 , except that dsDNA was preincubated with SSB protein in the absence of RecA protein for 2 min prior to initiation of unwinding to prevent RecA protein from binding to the 5Ј tails (generated by Exo III resection) on the top strand. Unwinding was initiated with a mixture of RecBC enzyme and RecA protein. Joint molecules from the two different fragments are indicated. bottom strand during unwinding; 5Ј-labeled ssDNA corresponds to the top strand. It is thus possible to track the fate of each strand separately, depending on which labeled substrate is used.
Pairing reactions are shown in Figure 5 , comparing the 5Ј-versus the 3Ј-labeled substrates. Each of the two fragments is unwound within 2 min. Joint molecules incorporating ssDNA from the 3.7-kb fragment migrate more slowly on the gel and can be distinguished from joints incorporating the smaller 0.6-kb fragment, as indicated.
In the reaction with 5Ј-labeled starting material, the labeled ssDNA product (corresponding to the top strand) is incorporated into joint molecules with high efficiency. At 2 min, 43% of the available ssDNA (3.7 kb) is incorporated into joint molecules, whereas in the reaction with 3Ј-labeled DNA, only 4% of the labeled ssDNA (corresponding in this case to the bottom strand) is present in joint molecules. A similar pattern is seen when comparing the behavior of 5Ј-versus 3Ј-labeled DNA for the 0.6-kb fragment. In both cases, it is clear that only DNA from the 5Ј-labeled top strand is utilized by RecA protein in the formation of joint molecules. This result is consistent with the earlier observation that only DNA from the top strand is protected from degradation by Exo I, because of the targeted loading of RecA protein onto this strand as the DNA is unwound by RecBC enzyme.
Discussion
It is important to know the molecular basis for recombination hot spot activity. In E. coli, specifically, it is important to understand what makes a recombination hot spot, and how this DNA sequence coordinates the activity of RecBCD enzyme and other proteins to both stimulate and focus recombination in its immediate vicinity. Two specific consequences of the interaction between and RecBCD enzyme are (1) the modulation of the enzyme's nuclease activity (see Fig. 1 ), and (2) the asymmetric loading of RecA protein, onto the ssDNA containing (the top-strand, downstream -specific ssDNA in Fig. 1) .
In contrast to the RecBCD holoenzyme, the RecBC enzyme, which lacks the RecD subunit, lacks significant dsDNA exonuclease activity. Nevertheless, here we demonstrate that it can serve as an initiator for RecA protein-dependent homologous pairing. But, perhaps most importantly, we find that the RecBC enzyme loads RecA protein onto ssDNA, in a manner similar to the -stimulated RecBCD enzyme (see model in Fig. 6 ). Just as with the holoenzyme, the loading of RecA protein by RecBC enzyme is both coupled to DNA unwinding and asymmetric, being confined to the top strand. However, unlike the holoenzyme, RecBC enzyme loads RecA protein constitutively, without the requirement for .
In the RecABC pairing reactions, only the top strand, the strand to which RecA protein is specifically targeted, is incorporated into joint molecules (Fig. 5) . This result corresponds to the preferential incorporation of the top-strand, downstream -specific fragment into joint molecules in RecABCD pairing reactions (Dixon and Kowalczykowski 1991; Anderson and Kowalczykowski 1997b) . Considering that unwinding by RecBC enzyme produces two full-length strands of DNA, but only one of these is targeted for RecA pairing, Figure 2B shows that the pairing efficiency for top-strand DNA in the RecABC pairing reaction (∼35% × 2 = 70%) rivals that for top-strand, downstream -specific fragments in the RecABCD reaction (74%).
With respect to the asymmetric loading of RecA protein, RecBC enzyme thus behaves as an analog of -modified RecBCD holoenzyme. This result concurs with the interpretation that has emerged consistently from both genetic and biochemical characterization of recD deficient variants (see introductory section for details). The fact that functional RecD subunit is not required for recombination in vivo suggests that its function is chiefly a regulatory one. Two striking character- Figure 6 . Model for helicase-facilitated loading of RecA protein onto the 3Ј-terminated top strand, during unwinding by RecBC/RecBCD enzyme. The model reconciles the 3Ј → 5Ј translocation of RecBC (or RecBCD) enzyme, relative to the top strand, with the requirement for 5Ј → 3Ј polymerization of RecA protein onto the same strand during unwinding. RecBC enzyme initiates unwinding at an intact duplex DNA end at the top. Unwinding progresses with time from the top to the bottom. Looped unwinding structures were demonstrated for RecBCD holoenzyme in electron microscope studies (Taylor and Smith 1980; Telander-Muskavitch and Linn 1980; Braedt and Smith 1989 ), but it is not known whether RecBC enzyme produces such loops. Therefore, hypothetical loops are shown for RecBC enzyme. As ssDNA is released during unwinding, SSB protein binds to the 5Ј-terminated bottom strand. RecBC enzyme periodically promotes the nucleation of RecA protein onto the 3Ј-terminated top strand, so that successive tracts of RecA protein are interspersed initially with SSB protein. Polymerization of RecA protein in the 5Ј → 3Ј direction extends these tracts, displacing SSB, and ultimately forming a continuous RecA nucleoprotein filament on the top strand only.
istics of RecBC enzyme are its virtual absence of dsDNA exonuclease activity and its constitutive capacity to load RecA protein, indicating that RecD protein is involved in controlling these specific functions. Although many similarities exist between RecBC enzyme and -modified RecBCD enzyme, we note that RecBC enzyme lacks the 5Ј → 3Ј exonuclease activity that is up-regulated in the holoenzyme following interaction with (Anderson et al. 1997) .
The constitutive loading of RecA protein by RecBC enzyme argues that the capacity to load RecA protein onto the top strand of DNA is an intrinsic property of the RecBCD holoenzyme; however, this latent activity is masked until interaction with . We can imagine two different means by which such masking might occur. The first possibility is that the RecBCD holoenzyme might itself also load RecA protein onto the top strand constitutively, even upstream of , but that this function is either obscured or simply not productive because of degradation of top-strand DNA by the 3Ј → 5Ј exonuclease activity. According to this view, activates the recombinogenic potential of a constitutive RecA proteinloading function, by attenuating this nuclease activity. The second possibility is that the RecBCD holoenzyme is physically incapable of interaction with RecA protein until the enzyme has undergone the structural changes that are elicited by interaction with ; after a productive interaction, this -modified RecBCD enzyme reveals a new subunit surface that permits interaction with RecA protein. Based on preliminary experiments involving a truncated form of RecBC enzyme (Yu et al. 1998) we presently favor the latter explanation (J.J. Churchill, D. Anderson, and S.C. Kowalczykowski, unpubl.) . Thus, we advocate the idea that RecA protein-loading requires more than simply helicase activity coupled with the absence of nuclease activity, but rather that loading is a specialized function specific to the RecBCD (and RecBC) helicase.
The facilitated loading of RecA protein might involve a direct interaction between RecBCD (or RecBC) enzyme and RecA protein. Interestingly, interspecies complementation in vivo demonstrates that optimal recombination is achieved when both RecBCD enzyme and RecA protein are from the same species (Rinken et al. 1991; de Vries and Wackernagel 1992) . To date, no direct interaction between these enzymes has been detected using either coimmunoprecipitation or biosensor experiments (D.G. Anderson and S.C. Kowalczykowski, unpubl.) .
An interesting feature of RecBC/RecBCD enzyme-assisted loading of RecA protein is the puzzling strand asymmetry of this process. This loading of RecA protein is confined to the strand that terminates with a 3Ј end at the entry site of the helicase. During unwinding, the helicase is translocating in a 3Ј → 5Ј direction relative to this strand. This presents something of a paradox, as the assembly of RecA protein onto ssDNA proceeds in the opposite direction, that is, 5Ј → 3Ј. The conflicting polarities of unwinding and RecA protein filamentation can be reconciled by assuming that RecBCD (or RecBC) enzyme promotes the nucleation of RecA protein at various intervals along the 3Ј-terminated strand as ssDNA is generated during unwinding. Each nucleation site is extended by RecA protein polymerization in the 5Ј → 3Ј direction, until contact is made with a preceding tract of RecA protein, and a continuous filament is formed (see Fig. 6 ). Discontinuities at the junctions of these tracts can be corrected by successive rounds of disassembly and reassembly of RecA protein monomers within the filament, accompanied by successive rounds of ATP hydrolysis (Menetski et al. 1990; Rehrauer and Kowalczykowski 1993; Kowalczykowski and Krupp 1995; Shan and Cox 1997) . Thus, the facilitated loading of RecA protein can extend for a considerable distance beyond , explaining how recombination can be stimulated downstream of past heterologies over 9 kb in length (Myers et al. 1995a) .
The facilitated loading of RecA protein onto ssDNA during unwinding, together with the absence of destructive dsDNA exonuclease activity in RecBC enzyme, accounts for the recombination proficiency of recD null mutants. RecA protein-loading also accounts for the observation that recombination in these mutants is focused at the site of dsDNA breaks (Thaler et al. 1989) , as is recombination in wild-type strains following exposure of RecBCD enzyme to (Koppen et al. 1995; Myers et al. 1995b) . Furthermore, RecA protein-loading may explain why recombination in recD mutants is not dependent on recF or recO function (Lovett et al. 1988; Lloyd and Buckman 1995) , whereas all three genes, recF, recO, and recR, are required in a recB or recC mutant background (Clark and Sandler 1994; Kowalczykowski et al. 1994) . Genetic and biochemical evidence suggest that together, the products of these genes allow RecA protein to compete more effectively with SSB protein for binding to ssDNA (Umezu et al. 1993; Umezu and Kolodner 1994; Webb et al. 1997) . Thus, the -activated RecBCD enzyme provides the equivalent of recFOR function by directing the loading of RecA protein onto ssDNA downstream of while disfavoring the binding of SSB protein. In agreement, the RecBC enzyme loads RecA protein constitutively, explaining the lack of dependence on recF and recO for recombination in recD null mutants.
The novel modes by which regulates the activity of a multifunctional helicase/nuclease reveal fundamental features by which homologous recombination and dsDNA break repair are controlled in E. coli, as well as other prokaryotes (Chedin et al. 1998; el Karoui et al. 1998) . The -dependent loading of RecA protein by RecBCD enzyme is an important aspect of this interplay. Understanding how this phenomenon occurs will reveal much about the basis for recombination hot spot activity.
Materials and methods
Enzymes
RecBC enzyme was purified as a heterodimer from the recBCD deletion strain V186 (Chaudhury and Smith 1984b) bearing three compatible plasmids: pPB700 (Boehmer and Emmerson 1991) , expressing RecB protein and conferring ampicillin resistance; pPB520 (Boehmer and Emmerson 1991) , expressing RecC protein and conferring chloramphenicol resistance; and pMS421 (Heath and Weinstock 1991) expressing lacI q and conferring streptomycin resistance. Cells were grown at 37°C in Terrific Broth containing 50 µg/ml thymine, 25 µg/ml chloramphenicol, 60 µg/ml ampicillin, and 50 µg/ml streptomycin.
RecBC enzyme was purified following the method previously described for the purification of RecBCD holoenzyme (Roman and Kowalczykowski 1989b) , with an additional chromatographic column (Sephacryl S-200) added to separate RecBC heterodimer from any free RecB and RecC subunits. RecBC heterodimer eluted in the void volume. No peaks corresponding to RecB or RecC proteins eluted from the column, indicating that the preparation was essentially free of unassociated subunits.
RecBC enzyme concentration was determined using an extinction coefficient of 3.6 × 10 5 /M per cm at 280 nm, derived by adding the respective extinction coefficients (Korangy and Julin 1993) for the individual subunits. No contaminating protein bands were detected when 1 µg of protein was loaded on an SDS-polyacrylamide gel and stained with Coomassie Brilliant blue. The percentage of functional enzyme in the RecBC preparation was determined as described below (see Determination of the functional RecBC enyzme concentration).
RecBCD enzyme was purified according to the method of Roman and Kowalczykowski (1989b) , with further purification by an additional FPLC Mono-Q step as described by Anderson and Kowalczykowski (1997b) . RecA protein was purified using a procedure based on spermidine precipitation (Griffith and Shores 1985; S.C. Kowalczykowski, unpubl.) . RecA protein concentration was determined using an extinction coefficient of 2.7 × 10 4 /M per cm at 280 nm. SSB protein was isolated from strain RLM727 and purified according to LeBowitz (1985) . SSB protein concentration was determined using an extinction coefficient of 3.0 × 10 4 /M per cm (Ruyechan and Wetmur 1975) . Exo III was purchased from Promega. All other DNA-modifying enzymes and restriction endonucleases were purchased from New England Biolabs. The enzymes were used according to Sambrook et al. (1989) or as indicated by the specific vendor.
Determination of the functional RecBC enzyme concentration
The activity of RecBC enzyme was measured by complementation with a saturating amount of hexahistidine-tagged RecD protein (Chen et al. 1997) . A fixed amount of purified RecBC enzyme was incubated with increasing amounts of tagged RecD protein on ice for 30 min in a 132-µl reconstitution mixture consisting of 20 mM potassium phosphate at pH 7.0, 100 mM NaCl, 1 mg/ml bovine serum albumin, and 10% (vol/vol) glycerol. The reconstitution mixture was then assayed for ATPdependent nuclease activity (Eichler and Lehman 1977) . The nuclease activity of the reconstituted RecBC enzyme, when fully saturated with RecD protein, was compared to that of a known quantity of wild-type RecBCD enzyme to determine the percentage of functional, reconstitution-competent RecBC enzyme. The RecBC enzyme was estimated by this method to be ∼20% active.
DNA substrates
The plasmid 0 pSKPB10 was provided by Piero Bianco of this laboratory and was derived from pBluescript II SK(−) phagemid (Stratagene) by the insertion of a fragment containing the RAD52 gene from S. cerevisiae to generate a plasmid of 4263 bp. All other plasmid DNA substrates are previously described (Anderson and Kowalczykowski 1997b Resection of DNA by Exo III was performed as follows: 100 µg/ml NdeI-cut pBR322 0 DNA was treated for 1 min at 25°C with 17500 U/ml Exo III in 66 mM Tris-HCl at pH 8.0, 0.66 mM MgCl 2 . After Exo III was inactivated by heating at 70°C for 15 min, the mixture was extracted with phenol/chloroform, precipitated with sodium acetate, and resuspended in TE buffer as described in Sambrook et al. (1989) .
Joint molecule formation assay
Homologous pairing reactions contained 25 mM Tris-acetate at pH 7.5, 8 mM magnesium acetate, 5 mM ATP, 1 mM dithiothreitol, 1 mM phosphoenolpyruvate, 4 U/ml pyruvate kinase, 40 µM nucleotide linear dsDNA, 80 µM nucleotides supercoiled DNA, 20 µM RecA protein, 8 µM SSB protein, and either 5.4 nM functional RecBC or 0.8 nM functional RecBCD enzyme. These conditions were essentially those of Dixon and Kowalczykowski (1991) except for a twofold higher concentration of both supercoiled DNA and SSB protein. Assays were performed at 37°C. Coupled reactions were started by the addition of RecBC or RecBCD enzyme after preincubation of all other components for 2 min. For uncoupled reactions, heat-denatured DNA was substituted for dsDNA, helicase was omitted, and the reactions were initiated by the addition of a mixture of RecA and SSB proteins. Samples were taken at the indicated time points and deproteinized; both gel electrophoresis and quantitation were performed as described previously (Anderson and Kowalczykowski 1997b) .
Exo I protection assay (non-strand-specific)
Conditions were the same as for joint molecule formation assays, except for the omission of supercoiled DNA. After 3 min of reaction with RecBC or RecBCD enzyme, a mixture of ATP␥-S and nonhomologous M13mp7 ssDNA was added to final concentrations of 5 mM and 200 µM, respectively. (ATP␥-S induces a high-affinity state and stabilizes RecA protein that is bound to ssDNA. Addition of nonhomologous ssDNA insures that any free RecA protein remaining in solution is sequestered away from the labeled ssDNA unwinding product.) After 2 min of further incubation, Exo I was added to a concentration of 100 U/ml. Uncoupled reactions contained heat-denatured DNA instead of dsDNA and were initiated by the addition of a mixture of RecA and SSB proteins in the absence of any helicase. Samples were taken at the indicated times and processed as described above for joint molecule formation assays, except that electrophoresis was at 2 V/cm for 15 hr in 1.2% agarose gels. The assay was used to generate the data in Figure 3 .
Strand-specific Exo I protection assay
The DNA substrate was 0 pBR322 that had been restricted with NdeI, resected with Exo III, and then restricted again with AlwNI as described in Results. Reaction conditions were as described above for non-strand-specific Exo I protection assays, except that SSB protein was at 4 µM, and was added to the 5Ј-tailed dsDNA substrate and incubated for 2 min prior to addition of RecA protein (to prevent RecA protein from binding to the 5Ј tails generated by Exo III resection). Addition of RecA protein was immediately followed by initiation of the reaction with RecBC enzyme. After 3 min of reaction, a mixture of ATP␥S and nonhomologous ssDNA [poly(dT)] was added to concentrations of 5 mM and 200 µM, respectively. After 2 min of further incubation, Exo I was added to 100 U/ml. Samples taken at the indicated time points were stopped, split, and loaded onto two separate 1.2% agarose gels. Following electrophoresis (2 V/cm for 15 hr), the DNA in each of these gels was transferred to charged nylon and probed with one of two different labeled oligonucleotides as described below. The assay was used to generate the data in Figure 4 .
Southern transfer and strand-specific probing with oligonucleotide probes
The oligonucleotide probes were PB19 (5Ј-GGCATGGCGGC-CGACGCGCT-3Ј) and PB27 (5Ј-GGCCAGGACCCAACGCT-GCC-3Ј). For the pBR322 0 substrate that was linearized with NdeI restriction enzyme, treated with Exo III, and restricted again with AlwNI enzyme, PB19 hybridizes specifically to the top-strand (i.e., the strand which terminates 3Ј at the AlwNI overhanging end that is the entry site for RecBC enzyme), and PB27 hybridizes specifically to the complementary, or bottom strand. Before Southern transfer, the agarose gels were soaked twice in 0.25 M HCl for 10 min; twice in 0.5 M NaOH, 1 M NaCl for 15 min; and then twice in 0.5 M Tris-HCl at pH 7.4, 3 M NaCl for 30 min. DNA was transferred by capillary action in 5× SSC (0.75 M NaCl, 75 mM sodium citrate at pH 7.0) to a charged nylon membrane (Hybond-N+, Amersham) and covalently linked to the membrane by UV irradiation. The oligonucleotide probes were labeled with 0.67 unit of polynucleotide kinase in a 30-µl reaction volume, using 8 pmoles of oligonucleotide and 80 µCi of [␥-32 P]ATP. Unincorporated nucleotides were removed by a G-25 MicroSpin column (Pharmacia); 4 pmoles of labeled probe were used in each hybridization. Prehybridization (20 min) and hybridization (1 hr) were at 42°C in Rapid-hyb buffer (Amersham). Following hybridization, membranes were washed for 20 min in 5× SSC, 0.1% SDS, at room temperature, and the signal was quantified using a Storm 840 PhosphorImager (Molecular Dynamics) with ImageQuaNT software.
